Study of monogenic congenital heart disease (CHD) has provided entry points to gain new understanding of heart development and the molecular pathogenesis of CHD. In this review, we discuss monogenic CHD caused by mutations of the cardiac transcription factor genes NKX2-5 and GATA4. Detailed investigation of these genes in mice and humans has expanded our understanding of heart development, shedding light on the complex genetic and environmental factors that influence expression and penetrance of CHD gene mutations.
THE IMPACT OF CONGENITAL HEART DISEASE
W ith a prevalence of approximately 0.8 per 1000 births, congenital heart defects are the most common major malformations seen at birth, accounting for nearly one-third of all major congenital anomalies (Reller et al. 2008; Dolk et al. 2011 ). An estimated 32,000 infants with congenital heart disease (CHD) are born each year in the United States, and 25% of them require invasive treatment in the first year of life (Roger et al. 2012) . Twenty-four percent of infants who die of a birth defect have a heart defect, making it the most common congenital defect contributing to death in that first year. In the past four decades, extraordinary advances in management have transformed the severe CHD prognosis, so that the large majority of patients survive into adulthood (Khairy et al. 2010 ). More than half of all survivors of severe CHD are now adults, and most individuals with even complex CHD are now expected to reach reproductive age (Friedberg et al. 2009; Harris 2011) . With burgeoning survival and rapid advances in genetic technologies, there has never been a more compelling time to unravel the complex mechanisms underpinning congenital cardiac malformations.
MONOGENIC CHD
The majority of CHD occurs sporadically in nonsyndromic patients. However, syndromic and familial CHD provide opportunities to identify key regulators of heart development, monogenic mutations of which cause CHD.
An overview of currently known genes that when mutated cause human CHD is provided in Table 1 .
The overall recurrence risk of nonsyndromic CHD is between 2% and 10%, depending on the defect and sex of the parent concerned (Wessels and Willems 2010). Among affected relatives, CHD may vary significantly in specific type and severity (Whittemore et al. 1994; Gill et al. 2003) . The variable penetrance and phenotype intuitively suggest a multifactorial mode of inheritance for CHD, first proposed by Nora as early as 1968 (Nora 1968) .
However, detailed studies of several monogenic CHD disease genes in mice and humans over the past decade have broadened our understanding of how the complex interaction of stochastic factors, the environment, and modifier genes influence phenotypic expression of CHD gene mutations. These studies indicate that variable expression and incomplete penetrance of many rare single gene mutations provide an alternative mechanism that accounts for epidemiological CHD recurrence risk (Bruneau et al. 2001; Rajagopal et al. 2007; Winston et al. 2010 Winston et al. , 2012 . In this work, we will review, in depth, the literature on monogenic mutation of two cardiac transcription factors, NKX2-5 and GATA4, and reflect on how the interplay of human genetics and murine modeling has informed our understanding of CHD pathogenesis and genetics. We also touch on monogenic mutation of T-box genes insofar as they reinforce or add to our understanding of variable CHD penetrance and expression.
NKX2-5
The NKX2-5 gene in humans encodes a cardiac-specific homeobox transcription factor. NKX2-5 transcripts are detected in murine cardiomyocytes at the onset of cardiomyocyte differentiation, with continued expression through embryonic, fetal, and adult life (Lints et al. 1993) . In four families with familial, autosomal-dominant CHD, genome-wide linkage studies showed that mutations in NKX2-5 segregated with CHD (Schott et al. 1998) . Two of the families shared an NKX2-5 missense mutation in the region encoding the DNA-binding domain, whereas the remaining two harbored mutations that prematurely terminated translation just carboxy terminal to the DNA-binding domain. Most affected family members had secundum atrial septal defects (ASDs) and progressive atrioventricular block (AVB), but others had tetralogy of Fallot, ventricular septal defects (VSDs), and left ventricular hypertrophy with or without ASD or AVB.
Subsequently, targeted sequencing of NKX2-5 in cohorts of patients with different forms of nonfamilial CHD revealed that NKX2-5 mutations contribute to nonsyndromic, ostensibly sporadic CHD that affects diverse chambers and structures, with or without conduction system disease ( Fig. 1) . Review of NKX2-5 variants and associated CHD shows a lack of a discernable relationship between mutation location and phenotype. Indeed, the same mutation yields diverse phenotypes. Some ostensibly sporadic CHD-associated NKX2-5 mutations arose de novo, whereas others were inherited from a parent without clinically detectable disease, indicative of incomplete penetrance.
Nkx2-5 regulation of heart development has been studied extensively in mouse models. Embryos engineered to lack expression of Nkx2-5 died at midgestation with severe heart defects (Lyons et al. 1995) . Hearts formed, but development arrested at the looping heart tube stage, yielding unlooped hearts with one atrial and one ventricular chamber. Subsequently, studies revealed that Nkx2-5 regulates expression of a number of other cardiac genes and transcription factors, including Hand1 (Tanaka et al. 1999 ), a gene essential for left ventricular development (Srivastava et al. 1997) . Nkx2-5 also regulates cardiac progenitor expansion and differentiation and cardiac outflow tract morphology by controlling expression of the morphogen BMP2 (Prall et al. 2007) . Conditional inactivation of Nkx2-5 at later stages of heart development revealed that it controls cardiac trabeculation through another cardiac growth factor, BMP10 (Pashmforoush et al. 2004) . Nkx2-5 is also a critical regulator of the formation of the central conduction system, as Nkx2-5-deficient mice suffer central conduction system hypoplasia (Jay et al. 2004a,b; Pashmforoush et al. 2004 ). A list of known genes implicated in monogenic, nonsyndromic CHD was assembled by searching Online Mendelian Inheritance in Man (OMIM) and recent reviews (Wessels and Willems 2010; Fahed et al. 2013) .
ASD, atrial septal defect; AVSD, atrioventricular septal defect; TOF, tetralogy of Fallot; TAPVR, total anomalous pulmonary venous drainage; TGA, transposition of the great arteries; DORV, double outlet right ventricle; VSD (ventricular septal defect); SVAS, supravalvar aortic stenosis; PTA, persistent truncus arteriosus; HLHS, hypoplastic left heart syndrome; AoV, aortic valve; LVOTO, left ventricular outflow tract obstruction; AS, aortic stenosis; PDA, patent ductus arteriosus.
Affected human patients carry heterozygous mutations that either reduce the amount of gene product (haploinsufficiency) or produce a mutant gene product with dominant negative activity. Mice bearing heterozygous mutations for engineered mutant alleles often better model this situation than homozygous mutants, although reduced penetrance and severity of disease in heterozygotes complicates their analysis. Heterozygous Nkx2-5 mice were initially described as phenotypically normal, but additional scrutiny after the discovery of human 
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NKX2-5 mutations showed that 40% of Nkx2-5 heterozygous mice in the inbred C57BL/6 strain background have ASD and/or VSD, and 10% perish in the newborn period (Biben et al. 2000; Tanaka et al. 2002; Winston et al. 2010 Winston et al. , 2012 .
Survival and the incidence of heart defects are affected by the genetic background: unlike highly inbred Nkx2-5 þ/2 C57BL/6 mice, firstgeneration (F1) progeny of Nkx2-5 þ/2 C57BL/ 6 mice crossed different inbred strains (FVB/N or A/J) had very low incidence of heart defects, and death from severe heart defects was not detected. The dependence of survival and heart defects on strain background suggested the hypothesis that inbred strains carry alleles of modifier genes that influence the risk of CHD. The alleles do not cause defects per se because the wild-type F1 pups are normal. Phenotypic analysis of the Nkx2-5 þ/2 second-generation (F2) progeny of F1 intercrosses or F1 backcrosses to their parental strains supported this hypothesis (Winston et al. 2012) . Defects recurred in all the F2 crosses, and the incidence of specific defects, such as common atrioventricular canal, varied between the crosses.
To map the modifier genes, genetic linkage analyses were performed on 597 hearts (233 membranous VSD, 80 muscular VSD, and 284 unaffected) selected from more than 3100 Nkx2-5 þ/2 pups in the C57BL/6 Â FVB/N F2 intercross. Loci on chromosomes 6, 8, and 10 clearly influenced susceptibility to membranous VSD. The chromosome 6 locus might also affect muscular VSD susceptibility, but the chromosome 8 and 10 loci do not (Winston et al. 2012) . Thus, inbred strains carry polymorphisms in modifier genes that influence the susceptibility of specific developmental pathways to Nkx2-5 mutation. Maximal genetic heterogeneity, as seen in the F1, confers the greatest protection from heart defects.
In summary, heterozygous mutations of NKX2-5 cause human CHD with highly variable penetrance and expression. Studies in mouse models show that Nkx2-5 is a critical regulator of heart development, and robust, error-free heart development requires a full dose of Nkx2-5. Genetic modifiers clearly determine the penetrance and expression of CHD caused by Nkx2-5 mutation.
GATA4
GATA4, a zinc-finger transcription factor, has been shown to play critical roles in cardiac development (Pikkarainen et al. 2004; Zhou et al. 2012) . GATA4 haploinsufficiency was first linked to CHD by the observation of microdeletion of 8p23.1, the locus that contains GATA4, in patients with CHD (Pehlivan et al. 1999) . Garg et al. (2003) showed that GATA4 missense mutations segregate with CHD in two large pedigrees with septal defects. All family members with GATA4 mutation in both pedigrees had ASDs; other cardiac malformations that were observed in some, but not all, patients were VSD, pulmonary stenosis, and atrioventricular septal defect (AVSD). Of note, the cardiac conduction system was unaffected in these families.
Subsequently, studies specifically investigating familial ASDs identified GATA4 mutation in four of 32 families with noted high penetrance of the phenotype in those families (HirayamaYamada et al. 2005; Sarkozy et al. 2005) . GATA4 mutations have also been observed, albeit rarely, in cohorts with ostensibly sporadic CHD (Fig. 2) . When identified, GATA4 mutations in sporadic heart disease (32 mutations identified in 2502 patients, or 1.3%) occurred in patients with VSDs (19), tetralogy of Fallot (6), ASD (3), AVSDs (3), and double inlet left ventricle (1). Mutation location does not appear predictive of phenotype (Fig. 2) .
The role of Gata4 in cardiac development has been studied in depth in mice lacking Gata4. Loss of Gata4 in all tissues (germline knockout) caused early embryonic lethality with cardiac bifida because of failure of normal embryonic folding (Kuo et al. 1997; Molkentin et al. 1997) . Conditional Gata4-inactivation approaches revealed temporally and spatially restricted Gata4 function in heart development. In cardiomyocytes, loss of Gata4 impaired cardiomyocyte proliferation, resulting in myocardial hypoplasia and reduced cardiac trabeculation (Zeisberg et al. 2005) . Cardiomyocyte Gata4 was also required for normal morphogenesis of the right ventricle, PAPVR (1) Hypoplastic RV (1) Dextrocardia (1) PTA (1) L-SVC to cor sinus (1) PDA (1) DORV (1), PS (1) AVSD (2) PDA (1) PAPVR (1) PDA (1) AVSD ( Wang et al. 2013 Figure 2. Summary of germline nonsynonymous GATA4 mutations associated with human cardiac malformations. Abbreviations used: a.a., amino acid; ASD, atrial septal defect; TOF, tetralogy of Fallot; VSD, ventricular septal defect; PS, pulmonary stenosis; PDA, patent ductus arteriosus; PAPVR, partial anomalous pulmonary venous return; AVSD, atrioventricular septal defect; DORV, double outlet right ventricle; L-SVC to cor sinus, left superior vena cava draining to coronary sinus; PTA, persistent truncus arteriosus; RV, right ventricle; IAA, interrupted aortic arch; TAD, transcriptional activation domain.
in part caused by Gata4 regulation of the gene Hand2, a key regulatorof RV development (Zeisberg et al. 2005) . Gata4 is also expressed at high levels in endocardium and endocardial cushions, and selective Gata4 ablation in these tissues revealed that Gata4 is required for formation of heart valve precursors, which are derived from endocardium of valve-forming regions (RiveraFeliciano et al. 2006) . Gata4 is also required in endocardium and endocardial cushion mesenchyme for later stages of heart valve development, as a point mutant Gata4 allele competent for valve precursor formation develops AVSDs (Rivera-Feliciano et al. 2006) . Rajagopal et al. (2007) used heterozygous Gata4 mice to define the phenotypic spectrum of heterozygous Gata4 mutation. In Gata4 þ/2 mice on a highly inbred C57BL6 strain background, 76% of late gestation Gata4 heterozygous embryos had heart malformations including AVSD (59%), VSD (26%), and hypoplasia of the right ventricle (9%). These abnormalities were milder forms of abnormalities observed in conditional Gata4 knockout mice. Based on this phenotypic spectrum, Gata4 was sequenced in a human cohort that included septal defects, AVSD, and RV hypoplasia. Rare, nonsynonymous GATA4 sequence variants were found in patients with AVSD (2/43), ASD (1/8), and complex heart disease associated with right ventricular (RV) hypoplasia (1/9; the positive individual had double inlet left ventricle). Equally noteworthy was the absence of GATA4 mutations in those human cardiac phenotypes that were not present in the murine heterozygous mutant model. Specifically, there were no GATA4 mutations identified in any patient with a conotruncal anomaly (n ¼ 34) or left-sided obstructive lesion (n ¼ 81). This study illustrated that careful study of murine heterozygous mutant models can effectively direct patient selection and sequencing efforts.
In Gata4 heterozygous mutant mice, the frequency and type of CHD were strongly influenced by strain background: CHD occurred at 30% and 12% frequency in inbred FVB/N strain or mixed strain backgrounds, respectively, compared with 76% in the C57BL6 background. VSD frequency was similar between C57BL6 and FVB/N strains, but endocardial cushion defects were 14-fold less frequent (59% vs. 4%) in the FVB/N strain. A single-nucleotide-polymorphism-based whole genome scan for genetic modifiers did not identify strong modifier loci, although the study was relatively underpowered (25 affected, 13 unaffected; 80% likelihood of detecting linkage at logarithm of the odds (LOD) score 2.46 with relative risk of 23 or greater) compared with the Nkx2-5 modifier linkage scan. These results show that strain background strongly influences the expression and penetrance of CHD phenotypes in Gata4 heterozygous mice, but this strain effect is likely caused by multiple weaker modifiers.
Adult mice with heterozygous Gata4 mutation universally had left ventricular (LV) dysfunction, although the severity varied by strain background, with C57BL6 being more severely affected than FVB/N or mixed strains (Bisping et al. 2006; Rajagopal et al. 2007 ). Interestingly, LV dysfunction was not described in human pedigrees with Gata4 mutation, nor has it been reported in patients with sporadic Gata4 mutation. This discrepancy might reflect the studied murine Gata4 mutant allele, which expresses a truncated protein and therefore may have dominant negative activity, or may be a result of differences in dosage sensitivity between mouse and human. Heterozygous Gata4 mutation also sensitized mice to heart failure in a chronic pressure overload model, suggesting that patients with Gata4 mutation may also have a similar increased susceptibility to heart failure that may interact with volume or pressure loads associated with incompletely corrected structural heart disease.
To summarize, GATA4 is a critical regulator of cardiac development and function, and humans with heterozygous GATA4 mutation develop ASDs and VSDs, pulmonary stenosis, endocardial cushion defects, and complex heart disease involving RV hypoplasia, such as double inlet left ventricle. This spectrum of heart defects is consistent with what is seen in mice with heterozygous Gata4 mutation, and the known roles of Gata4 in heart development. Expression and penetrance of Gata4 heterozygous mutation is strongly influenced by modifier genes, www.perspectivesinmedicine.org and this likely contributes to variable expression and penetrance observed in patients.
T-BOX TRANSCRIPTION FACTORS AND CHD
Here, we briefly discuss mutations of the T-box transcription factor genes TBX5 and TBX1, focusing on the issues of variable expression and penetrance raised by the analysis of NKX2-5 and GATA4 mutations. Readers are directed to recent reviews for more comprehensive enumeration of known CHD genes (Wessels and Willems 2010; Fahed et al. 2013) .
Mutations of TBX5, encoding a member of the T-box family of transcription factors, cause Holt-Oram syndrome, characterized by heart and upper limb abnormalities (Mori and Bruneau 2004 ). An abnormal carpal bone is present in all cases, and some patients have more extensive upper limb involvement. Seventy-five percent have a congenital heart malformation and all patients, with or without CHD, are at risk of cardiac conduction disease. ASDs and VSDs are the most commonly described heart lesions. Occasionally, other forms of CHD have been reported, including hypoplastic left heart, persistence of the left superior vena cava, mitral valve prolapse, pulmonary stenosis, tetralogy of Fallot, truncus arteriosus, coarctation of the aorta, total anomalous pulmonary venous return, patent ductus arteriosus, tricuspid atresia, and AVSDs (Smith et al. 1979; Ruzic et al. 1981; Sahn et al. 1981; Glauser et al. 1989; Basson et al. 1994; Newbury-Ecob et al. 1996; Bruneau et al. 2001; Patel et al. 2012; Thal et al. 2012) . Missense, insertion, deletion, and chromosomal translocation mutations have all been reported. Neither the type nor location of TBX5 mutation was predictive of heart or hand phenotypes (Brassington et al. 2003) .
Homozygous knockout of Tbx5 in mouse embryos caused severe defects in the formation of the atria and left ventricle, consistent with expression of Tbx5 primarily in the first heart field, and embryos died by midgestation (Bruneau et al. 2001) . As in patients, Tbx5 haploinsufficiency also causes highly penetrant heart and limb defects. Ninety percent of Tbx5 del/þ mice died perinatally in an inbred 129/SvEv mouse strain background. Survival was exquisitely sensitive to Tbx5 gene dosage, as a mice heterozygous for a different, hypomorphic Tbx5 allele (Tbx5 lox/þ ) that expressed 15% more Tbx5 suffered 27% perinatal lethality in the 129/SvEv background (Mori et al. 2006) . Survival was also dependent on strain background, with 60% of Tbx5 del/þ mice dying perinatally in the outbred Black Swiss strain background. All Tbx5 lox/þ and Tbx5 del/þ hearts had ASDs; other more severe heart defects were also identified in Tbx5 del/þ mice (Bruneau et al. 2001 ), but their frequency and strain-dependence were not investigated in depth as they had been for Nkx2-5 and Gata4.
Another T-box transcription factor, TBX1, is the primary disease gene in DiGeorge syndrome, the second most common chromosomal cause of CHD after Down syndrome (DS) (Goodship et al. 1998 ). This syndrome, characterized by CHD, typical facies, and thymic and parathyroid hypoplasia is caused by chromosomal microdeletion of 22q11. Although there are 28 genes within this 3-Mb interval, TBX1 haploinsufficiency is thought to account for most of the disease manifestations, as rare, nondeleted DiGeorge patients have mutations localized to TBX1 (Yagi et al. 2003) , and targeted mutation of Tbx1 recapitulates most aspects of the syndrome in mice (Jerome and Papaioannou 2001; Lindsay et al. 2001) . Approximately 75% of patients with 22q11 microdeletion have CHD, most notably conotruncal and outflow tract abnormalities such as tetralogy of Fallot, interrupted aortic arch, and truncus arteriosus (Ryan et al. 1997) . There is considerable phenotypic heterogeneity between patients with similar microdeletions, and even in monozygotic twins that share the same microdeletion (Yamagishi et al. 1998; Vincent et al. 1999) .
Mouse models of both the 22q11 critical region microdeletion and targeted Tbx1 gene knockout have been generated. Interestingly, the relationship of gene dose to phenotype appears to differ between mice and humans. Whereas most patients with heterozygous 22q11 microdeletion show severe cardiac abnormalities, heterozygous mice did not develop these forms of CHD and display the same phenotypic heterogeneity (Lindsay 2001) . Baldini et al. analyzed the phenotypes of mice with nine different Tbx1 genotypes that differed by the level of Tbx1 expression (Zhang and Baldini 2008) . The cardiovascular phenotype of mice with 20% of normal Tbx1 expression closely mimicked humans with 22q11 microdeletion. Interestingly, the phenotypic response to Tbx1 dose was highly nonlinear and, furthermore, the aortic arch was significantly more sensitive to Tbx1 dose reduction than the cardiac outflow tract. Phenotypic variability was also dose sensitive, with the full spectrum of human cardiac phenotypes occurring at a specific level (18%) of Tbx1 expression, but not at higher or lower Tbx1 levels. Possibly, this critical level represents a precarious balance between normal and abnormal development that can be influenced by modifier genes, environmental factors, or stochastic events.
GENETIC MODIFERS AS INDEPENDENT CHD DISEASE GENES
By definition, genes that modify CHD risk in a sensitized background, such as NKX2-5 or GATA4 haploinsufficiency, regulate heart development. Thus, finding modifier genes in a sensitized genetic background is a potential strategy for candidate gene discovery. Although identification of specific genes that act as modifiers in Nkx2-5 or Gata4 heterozygous mice and their evaluation as disease genes in CHD patients will require further study, proof of principle has already been reported in DS (trisomy for human chromosome 21). DS is the leading risk factor for CHD, with nearly half of DS patients affected by some form of cardiac malformation, most classically AVSDs (Ferencz et al. 1989) .
The incomplete penetrance and variable expression of trisomy 21 suggests that genetic modifiers interact with dosage-sensitive gene(s) on chromosome 21 to result in CHD. This hypothesis was tested by sequencing CRELD1, a cause of non-DS AVSD defect (Robinson et al. 2003) , in DS patients with this form of CHD (Maslen et al. 2006; Li et al. 2012) . Out of 135 patients sequenced, three individuals had two predicted damaging missense mutations, one of which had been previously identified in individuals with nonsyndromic AVSD. The genetic interaction of CRELD1 with dosage-sensitive loci that cause DS was studied by crossing the heterozygous Creld1 mice with a murine model of DS (Ts65Dn) (Li et al. 2012) . Although Ts65Dn rarely (,5%) had septal defects and Creld1 þ/2 mice were phenotypically normal, Ts65Dn::Creld1 þ/2 mice had increased frequency of septal defects (33%). However, these septal defects were not AVSDs, but rather secundum ASDs and membranous VSDs. Overall, these data suggest that genetic modifiers alter the expression of DS, and genetic modifiers discovered in sensitized populations such as DS may also contribute to disease in nonsensitized individuals.
SOURCES OF PHENOTYPIC VARIABILITY AND THEIR POTENTIAL SIGNIFICANCE
A challenge in CHD genetics has been to understand variable penetrance and phenotypic expression of gene mutations. Careful study of the Nkx2-5 þ/2 and Gata4 þ/2 mouse models highlights the impact of genetic modifiers (Rajagopal et al. 2007; Winston et al. 2010 Winston et al. , 2012 . Nevertheless, mice with a well-characterized single-gene defect on defined genetic backgrounds and raised in controlled, uniform environments showed incomplete penetrance and variable expression. Why does CHD occur in some mice, but not others, even when genotype and environmental conditions are made as uniform as possible?
There might, of course, be unrecognized environmental factors. From the perspective of the embryo, at least three uncontrolled environmental variables existed in the Nkx2-5 þ/2 F2 intercross described above: maternal age, paternal age, and litter size (Winston et al. 2012) . Neither litter size nor paternal age had a significant effect on VSD risk, but maternal age was positively correlated with VSD risk. For example, pups born to old mothers were twice as likely to have membranous VSD as pups born to young mothers. Maternal age acted independently of identified genetic modifiers, and the www.perspectivesinmedicine.org effect of maternal age and genetic modifiers was additive. Each genetic or environmental modifier may have a small effect on risk in the experimental model, but their existence proves, in principle, that pathways can be manipulated to prevent CHD. A therapy that mimics the effect of a protective polymorphism or environmental modifier is arguably more plausible than repairing a mutant gene in the embryo.
Even after controlling for maternal age, apparently equivalent Nkx2-5 heterozygous mice have dichotomous outcomes: some developed CHD, but most did not. The apparent stochastic occurrence of CHD in the Nkx2-5 and Gata4 heterozygous murine models suggests that a normal gene dose is required to ensure that the complex process of heart development is robust. This can be understood using Waddington's metaphor of "canalization," which conceptualizes how the normal phenotype is buffered against genetic or environmental perturbation (Waddington 1942) . Development is depicted on a topographical surface. Banks guide the course of development and buffer it against environmental or stochastic forces. Perturbations such as NKX2-5 or GATA4 mutation modify the topographical surface so that otherwise inconsequential environmental or stochastic forces have a chance to push development down alternative paths to an abnormal phenotype. Genetic modifiers cause more subtle alterations in the topographical surface, and may protect against a particular insult, but may increase susceptibility to another. A corollary of this hypothesis of developmental buffering is that canalization encourages the accumulation of cryptic genetic variation, enhancing the organism's evolutionary fitness. Mutation reduces canalizing forces (e.g., by mutation of CHD disease genes such as NKX2-5 or GATA4, or chromosomal anomalies such as trisomy 21), exposing these cryptic variants as genetic modifiers and leading to altered susceptibility to perturbed development (Waddington 1942; Flatt 2005) .
CONCLUDING REMARKS
Epidemiology of CHD shows that recurrence risk is sub-Mendelian and there is substantial variability in disease phenotype. These observations led Nora and others to propose that CHD is polygenic and multifactorial (Nora 1968) . This model can now be refined in light of what we have learned from detailed studies on the expression and penetrance of monogenic mutations in inbred mice raised under tightly controlled conditions. Rare, moderate-effect gene mutations reduce "canalization" and increase susceptibility to a range of heart malformations. Environmental (e.g., maternal age) and genetic factors (e.g., modifier genes) modify the risk of developing CHD imposed by these disease gene mutations and influence the specific type of cardiac malformation. With decreased canalization caused by gene mutation, stochastic events become significant, so that mice with carefully controlled genotypes and environment develop divergent outcomes. Although the prevalence of mutations in any single gene in sporadic CHD appears low, current whole exome sequencing results suggest that mutations in a large number of genes cause CHD (Zaidi et al. 2013 ). Thus, CHD may be caused by a large number of moderate-effect, single-gene mutations that "decanalize" heart development, increase stochastic variation, and expose weak-effect modifier variants. Individually, each disease gene likely contributes to a small fraction of CHD, but, in aggregate, this disease model may account for a substantial portion of the CHD burden.
